U npredictable environmental threats can induce a subjective state of anxiety that is linked to impaired goal-directed processing and anxiety disorders (1) (2) (3) . Researchers have proposed that excessive anxiety results from diminished top-down control in response to threat-related distractors, which has been associated with decreased prefrontal cortex (PFC) activation in highly anxious individuals (4) . Prefrontal cortex dysfunction and altered connectivity with the amygdala have been demonstrated during threat processing in anxiety disorders (5) (6) (7) . Prior studies have largely assessed threat processing during exposure to aversive stimuli (e.g., fearful/angry faces, images of spiders, aversive sounds). Recent neurobiological frameworks have emphasized uncertainty and anticipatory processing in anxiety (8) , which parallel clinical observations that anxiety symptoms (e.g., worry, intrusive thoughts, avoidance behaviors) often persist in the absence of the precipitating stimulus. Experimental paradigms that probe the processing of uncertain or ambiguous threat during concurrent goal-directed tasks are therefore relevant to elucidate etiological factors of clinical anxiety and inform potential treatment approaches. Understanding amygdala-PFC functional connectivity during threat-induced anxiety and goal distraction in healthy populations provides a foundation for how these functional connections may be compromised in anxiety disorders.
The regulation of threat-elicited anxiety is important for maintaining performance in a range of interpersonal and occupational activities (e.g., patrol/guard jobs, first responders) that require continuous goal-directed attention and contingent planning. Mobbs et al. (9, 10) examined threat anticipation using an active avoidance paradigm that required navigating through a virtual maze where the threat of shock was contingent upon performance. Activation in the ventromedial PFC (vmPFC) was observed when threat was present but spatially distant. However, threat of unpredictable compared with predictable aversive events is more strongly linked to anxiety and depressive states/ disorders (11) (12) (13) . Consequently, we examined amygdala-PFC functional connectivity during anxiety created by threat of unpredictable aversive stimuli.
Based on prior studies (14-18), we posit that effective regulation of the amygdala's response to threat is critical to maintaining goal-directed behavior. Exposure to threat activates the amygdala, while cognitive processing in the presence of emotional stimuli engages ventral PFC, including the inferior frontal gyrus (IFG), vmPFC, and orbitofrontal cortex (OFC) (19) (20) (21) (22) . These PFC subregions have been previously implicated in the control of emotional distraction (19, 23) . The IFG is involved in inhibitory control and coping with elevated task demands posed by emotional distractors (15, 24, 25) . Our prior research demonstrated visual threat stimuli presented as emotional distractors on a delayed-response working memory task activate the amygdala and IFG (19) . Inferior frontal gyrus activation has been associated with better working memory performance during emotional distraction (22) . Cognitive control of anxiety states from threatrelated distractors and reappraisal of threat stimuli were associated with lateral PFC (IFG) and medial PFC (vmPFC, OFC) activation and simultaneously decreased amygdala activation (17, 26) .
The PFC regulates emotional distraction and maintains ongoing performance via its modulatory interactions with the amygdala [and regions that lie downstream from the amygdala (14, 27, 28) ]. To minimize performance disruptions from threatinduced anxiety, compensatory neural processes may be engaged to modulate the resulting neural response (3). It is therefore important to test task-dependent functional connectivity rather than testing local mean changes in activity. Functional connectivity between the amygdala and the IFG and frontopolar cortex is increased as a function of emotional distraction (e.g., visual threat) during working memory tasks (22, 29) and as a function of motor inhibition during threat exposure (e.g., fearful/angry faces) (30) . Increased functional connectivity during emotion regulation has been demonstrated between the amygdala and the IFG, vmPFC, and OFC, although there is variability in the specific PFC regions across studies (17, 26, 31, 32) . These findings informed our hypothesis that the regulation of threat-induced anxiety will be manifest as increased functional connectivity of the amygdala with ventral PFC.
We adapted an arcade style game in which participants faced the threat of unpredictable shocks while navigating through a virtual maze to flee from a predator and pursue prey. Escape from the predator and capture of prey were motivated by monetary gains or losses unrelated to shock delivery. Our goal of studying threat modulation during these dual tasks was to create a symmetric design with the same tracking behaviors across threat and nonthreat conditions. This is in contrast to the control condition in prior studies (9, 10) where participants mimicked the avatar's movements that did not probe active avoidance during safety from shock. Moreover, the source of threat was unpredictable, unlike the Mobbs et al. (9, 10) paradigm where escape from the predator was motivated by shock upon capture.
To address our goal of eliciting psychological state changes linked to anxiety, we used threat of shock to induce anxiety (33, 34) and increase psychophysiological arousal (35) (36) (37) (38) . Activation in the thalamus, striatum, insula, and lateral and medial PFC (IFG and anterior cingulate cortex [ACC]) but inconsistent findings of amygdala activation have been demonstrated in prior threatof-shock studies (35, 37, (39) (40) (41) (42) . We predicted increased skin conductance response (SCR) and decreased heart rate variability (HRV), reflecting greater psychophysiological arousal, and increased functional connectivity between the amygdala and the IFG, OFC, and vmPFC for threat versus nonthreat conditions.
Methods and Materials
Forty-five participants completed two experiments: 28 participated in psychophysiological recording (16 female participants; mean age = 25.50, SD = 5.49) and 17 underwent functional magnetic resonance imaging (fMRI) scanning (8 female participants; mean age = 25.29, SD = 5.89). Two psychophysiology participants were excluded for failure to show shock-evoked SCR during pretask calibration (final sample: n = 26; 15 female participants; mean age = 24.81, SD = 4.95). Participants were free of past psychiatric illness, neurological illness/injury, current psychotropic medications or substance abuse, and magnetic resonance imaging contraindications. The Structured Clinical Interview for DSM-IV (43) was administered to the fMRI sample to rule out current Axis I disorders (44) , history of bipolar disorder, psychotic disorder, and substance dependence. Trauma exposure defined by DSM-IV was ruled out in fMRI participants.
The Yale University Human Investigations Committee approved this study and participants provided written informed consent. Participants were compensated $20 per hour plus the opportunity to win up to $20 based upon their task performance. Shock calibration and psychophysiology procedures, including SCR and HRV methods, are reported in Supplement 1.
Experimental Paradigm
Participants performed a computer gaming style task adapted from Mobbs et al. (9, 10) that engaged goal-directed attention and planning while maximizing monetary reward and avoiding loss (Figure 1 ). Participants manipulated a joystick to navigate an avatar through a two-dimensional maze with no dead ends to capture prey in return for monetary reward. A predator was programmed to follow the minimum path through the maze to pursue the avatar. Participants were instructed to evade predator capture to minimize monetary loss.
Before the main task, participants completed an instructional run that demonstrated the loss and reward contingencies, followed by an adaptive practice run to measure the participant's skill in navigating the maze and to set the difficulty level of the task that remained constant throughout the experiment. The task difficulty was adjusted by setting the predator's speed from level 5 (most difficult: predator speed ¼ avatar speed) to level 1 (least difficult). In the fMRI sample, 16 participants were assigned level 5 and 1 participant was assigned level 4. In the psychophysiology sample, 5 participants were assigned level 5, 10 were assigned level 4, and 11 were assigned level 3.
Participants performed the five runs under the presence/ absence of threat of mild electrical shock. Participants were instructed they would not be shocked in the nonthreat condition but might be shocked unconditionally at random times in the threat condition. Each run consisted of four threat and four nonthreat trials lasting 32 seconds presented in alternating order and interspersed with 12-second rest periods. The order of trial types was reversed across consecutive runs. A 2-second cue at the start of each trial signaled threat or nonthreat trial types. Shock was randomly delivered on a subset of threat trials, which included at least one shock per run. The potential confound of shock on the neural response to threat was eliminated by including only threat trials with no shock in the threat condition for all fMRI and behavioral analyses. The threat trials with shock (shock condition) were modeled as a nuisance regressor in the fMRI analyses. The shock condition included 49.63% and 51.92% of threat trials for the fMRI and psychophysiology samples, respectively. Immediately following the fMRI scan (posttest), a subset of participants (n ¼ 10) rated their subjective experience of anxiety during the task (Supplement 1).
Behavioral Data Analysis
Avatar captures by the predator and prey captures by the participant were recorded every 500 milliseconds. Paired t tests were conducted to compare the average rate of captures across threat versus nonthreat conditions.
Imaging Acquisition/Preprocessing
Data were acquired using a 3.0T Siemens Trio scanner (Siemens, Erlangen, Germany) with a 12-channel head coil. Co-planar images were acquired using T1 flash sequence , 37 oblique axial slices, no interslice gap). Each functional run consisted of 186 volumes (182 volumes for four subjects for which there was 12s fixation, as opposed to 20s, at the end of each run) plus 3 discarded volumes to allow for magnetic resonance equilibration.
Magnetic resonance imaging analyses were conducted using the Functional MRI of the Brain (FMRIB) Software Library (FSL Version 4.1.6; FMRIB, Oxford, United Kingdom) (45, 46) . Nonbrain voxels were removed using the FSL brain extraction tool (47) . Functional data were temporally realigned to correct for interleaved slice acquisition and motion corrected using the FSL MCFLIRT linear realignment tool (48) . Images were spatially smoothed with an isotropic Gaussian kernel of 5 mm full width at half maximum. To eliminate low-frequency drift, time series were filtered below .011 Hz.
General Linear Model fMRI Data Analysis
All fMRI analyses were conducted using whole-brain voxelwise regression with the FSL FMRI Expert Analysis Tool (FEAT). Using the FMRIB Linear Image Registration Tool, functional images were registered to co-planar images, which were registered to high-resolution structural images and normalized to the Montreal Neurological Institute 152 template.
We conducted general linear model (GLM) analysis of the main effect of shock and the threat versus nonthreat comparison on regional activation. First-level GLM analyses were computed for each participant including the shock explanatory variables (EVs) and the threat and nonthreat condition EVs, plus nuisance regressors for shock condition trials and six motion parameters. We included nuisance regressors for time points corresponding to motion outliers using the FSL motion outliers program (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLMotionOutliers), which defined outlier time points using the upper threshold for creating box plots or the 75th percentile plus 1.5 times the interquartile range. The shock regressor was modeled with onset defined as the TR in which the shock was delivered. Shocks were modeled using finite impulse response, resulting in four EVs spanning 8 seconds. Contrasts were calculated to test the main effect of shock and its evolution over 8 seconds. The three condition regressors were modeled as box car functions for the trial duration (2-second cue plus 30-second maze ¼ 32 seconds), convolved with a single-gamma hemodynamic response function.
Group-level FEAT analysis was performed using a mixedeffects model, with the random effects component estimated using the FMRIB Local Analysis of Mixed Effects 1 ϩ 2 procedure (49). This model allows an unequal number of trials across conditions because it passes variance from first-level to higherlevel analyses. Multiple comparison correction was performed on whole-brain tests with the FSL two-step cluster thresholding procedure to define clusters as contiguous sets of voxels with z Ͼ 1.96 and test the significance of resulting cluster(s) at a corrected p Ͻ .05 threshold using Gaussian random field theory (50). The main effect of shock analysis used an additional Bonferroni correction of p Ͻ .0125 for the four tests modeled by finite impulse response.
Psychophysiological Interaction Analysis
We used psychophysiological interaction (PPI) analysis (51) to measure changes in functional connectivity modulated by threat. We conducted whole-brain PPI tests, reflecting greater correlation with the seed time series (physiological regressor) for threat versus nonthreat conditions (psychological regressor). Separate The nonthreat and threat conditions were explicitly conveyed via 2-second visual cues before each 30-second maze period. (D) The dual task was identical in both conditions: to maximize points by manipulating the movement of the avatar to capture prey (green squares), resulting in point gains, and to avoid capture by the predator (purple square), resulting in point losses. (E, F) Participants used a joystick to navigate an avatar (black square) through a twodimensional maze. In the nonthreat condition, the blue background indicated no shocks would be administered at any time. In the threat condition, the red background indicated participants may receive a shock at any time. (G) Shock was randomly delivered on a subset of threat trials. To eliminate the confound of shock effects, only threat trials with no shock delivery were included in the threat versus nonthreat comparisons.
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www.sobp.org/journal analyses were conducted using right and left amygdala seeds as defined by automated anatomical labeling with the FMRIB Integrated Registration and Segmentation Tool (52) ( Figure S1 in Supplement 1). First-level GLM analyses included four regressors: psychological, physiological, PPI, and nuisance. Threat and nonthreat trial durations comprised the psychological regressor, modeled as a box car function with values 1 and À1, respectively, convolved with a single-gamma hemodynamic response function. The PPI regressor was the product of the demeaned physiological regressor and the psychological regressor, which was zerocentered about the minimum and maximum values. The following nuisance regressors were modeled: shock condition trials, global mean time series of each preprocessed run, six motion parameters, and motion outliers. Mixed-effects group-level FEAT analysis was conducted using FSL cluster thresholding.
Correlational Analyses
Correlational analyses tested the relationship between behavioral performance (prey captures and avatar captures) and the strength of right amygdala functional connectivity with left and right IFG, medial prefrontal cortex (mPFC), and vmPFC regions of interest. We compared whether correlations of performance with functional connectivity were significantly different during threat versus nonthreat using the modified Pearson-Filon (ZPF) statistic (Supplement 1).
Results

Subjective Ratings
Posttest responses collected from 10 of the 17 participants from the fMRI sample confirmed that threat induction increased subjective anxiety. Anxiety was rated as higher at trial onset (t 8 ¼ À3.85, p ¼ .005) and trial duration (t 9 ¼ À3.16, p ¼ .012) for the combined threat/shock condition compared with the nonthreat condition (Supplement 1).
Behavioral Performance
For the fMRI sample, threat and nonthreat conditions did not differ in the average rate of avatar captures by the predator, t 16 
Psychophysiology Results
In the psychophysiology sample, we confirmed increased nonspecific SCR rate during the shock versus nonthreat conditions, t 25 ¼ 2.97, p ¼ .007 ( Figure S2 in Supplement 1). There was no significant difference in mean SCR rate for the shock versus threat conditions, t 25 ¼ À.10, p ¼ .92. As a test of the efficacy of our threat manipulation, mean SCR rate was significantly greater during threat versus nonthreat, t 25 ¼ 2.46, p ¼ .02. The predicted decrease in HRV (root mean square successive difference) for threat versus nonthreat was marginally significant, t 25 ¼ −1.96, p ¼ .06. There was no significant difference in heart rate between threat and nonthreat conditions.
Shock-Related Activation
Activation from shock occurred in expected regions, including bilateral insula, thalamus, cingulate cortex, amygdala, IFG, and somatosensory cortex (Figure 2) . Activation in the insula, parietal lobe, and temporal lobe was sustained for all four time points, whereas activation in the thalamus was limited to the second time point. There was activation in the amygdala and postcentral gyrus during the second and third time points. Activation in IFG and OFC was observed for the second through fourth time points. Cingulate cortex activation, spanning the ACC, midcingulate cortex, and posterior cingulate cortex, was observed in the third and fourth time points.
Threat versus Nonthreat Activation
Regional activations to the threat versus nonthreat contrast were observed in bilateral OFC (Montreal Neurological Institute coordinates: À28, 22, À18; 38, 28, À12), which extended to the IFG (i.e., pars orbitalis) (À42, 30, À14; 44, 38, À16) and left amygdala (À16, 0, À20) ( Figure 3 ; Table S1 in Supplement 1). There was also activation in bilateral middle frontal gyrus (MFG) extending to superior frontal gyrus.
Amygdala Functional Connectivity
The PPI contrast revealed that threat increased right amygdala connectivity with three clusters including the a priori regions (Figure 4 ; (À42, 10, À8 ). There was also increased connectivity in the left MFG, lateral temporal lobe, precuneus, and cuneus. There were no significant activations for the left amygdala PPI contrast.
Association of Functional Connectivity with Performance
Average rate of rewards earned during the threat condition was positively correlated with right amygdala PPI strength in the mPFC (r ¼ . 
Discussion
We examined the influence of threat-induced anxiety on the functional connectivity of the amygdala with brain regions implicated in threat-related distraction. Self-assessment and psychophysiological measures demonstrated that threat exposure increased anxiety and arousal. Threat-induced anxiety did not produce changes in performance based on monetary losses or rewards. The validity of our task was supported by increased activations in the amygdala, OFC, and IFG elicited by threatinduced anxiety. As predicted, threat-induced anxiety modulated the functional connectivity between the amygdala and the IFG, OFC, and mPFC, including vmPFC, ACC, and frontopolar cortex. Sustained threat of unpredictable aversive events generates anticipatory processing that is central to anxiety but has received minimal attention in prior functional connectivity research. A.L. Gold et al.
BIOL PSYCHIATRY 2014;]:]]]-]]] 5
www.sobp.org/journal Functional connectivity changes provide evidence for corticalsubcortical interactions that help protect goal pursuit in the face of threat and mediate the regulation of anxiety.
Participants were cued before each trial to either warn of the possibility of receiving unpredictable and unavoidable shocks or to signal safety from shock. Subjective ratings from participants, elevated arousal levels from SCR, and a marginally significant decrease in HRV provided converging support in demonstrating that threat cues induced anxiety. Our results are consistent with prior studies showing increased SCR during anticipation of impending shock (35) (36) (37) . However, most prior studies were limited to passive observation of stimuli or rating of one's own emotions but lacked concurrent goal-directed activity. In this study, increased arousal to threat was observed while participants were engaged in the goal-directed activity of maximizing monetary gain by capturing prey while avoiding a predator.
Despite increased anxiety and arousal generated by threat, participants performed equally well on the task under threat and nonthreat conditions. Threat processing (in the absence of shock) led to increased functional connectivity observed between the amygdala and ventral PFC. Threat modulated the association between reward performance and functional connectivity of the amygdala with the mPFC and vmPFC. This is consistent with our hypothesis that increased connectivity enables participants to compensate for increased anxiety while maintaining performance, despite threat of shock. This interpretation is complicated by null results for correlations of performance with SCR/HRV and with self-reported anxiety (Supplement 1), which might be expected to show a negative correlation. However, research has shown physiological measures do not always correlate with subjective experiences of anxiety (53) . Moreover, the subjective ratings were collected after the scan to minimize interference with the fMRI results. Enhanced functional connectivity may reflect inhibition of the amygdala by the ventral PFC through top-down regulation of anxious arousal to maintain task performance. It is also possible that increased functional connectivity reflects bottom-up modulation by the amygdala or bidirectional modulation or that the task was simple enough to be performed while distracted. Our findings are consistent with prior studies showing increased amygdala connectivity during threat-induced anxiety facilitates inhibitory processing across affective, cognitive, and motor domains in the IFG and the assessment of affective salience and mood regulation in the vmPFC and OFC (2, 30, 54) .
The vmPFC emerged as the only region with consistently increased regional activation across fear extinction, the placebo response, and emotion regulation-based cognitive strategies in a meta-analysis focused on the successful reduction of negative affect (17) . This supports the central role of the vmPFC as a domain-general affective regulation system. Moreover, positive amygdala-vmPFC correlation has been demonstrated during extinction recall following fear conditioning (55) . The rodent homologue of vmPFC has been linked to activation of inhibitory networks within the amygdala and associated with reduced amygdala-generated affective responses in fear extinction (56) . Increased threat-related functional connectivity between the amygdala and vmPFC is consistent with prior research supporting a functional relationship between these regions (56, 57) . Functional correlates of amygdala-vmPFC interactions may be effectively probed by the current paradigm in anxiety disorders given Figure 5 . Correlations of functional connectivity and performance by condition. Individual differences analyses were conducted to investigate associations of functional connectivity strength and performance separately in the threat and nonthreat conditions. Scatter plots show the relationship between performance, measured as the average rate of prey captures (y-axis), with functional connectivity, quantified as the average right amygdala psychophysiological interaction beta coefficient (x-axis), for the medial prefrontal cortex (mPFC) and ventromedial prefrontal cortex (vmPFC) assessed during threat (red diamonds) and nonthreat (blue squares). its sensitivity to detect threat-induced anxiety changes in functional connectivity.
Activation of the IFG and OFC was reported in meta-analyses of cognitive reappraisal and the placebo response but not fear extinction (17) . Delgado et al. (58) compared amygdala, vmPFC, and lateral PFC activation using matched paradigms testing fear extinction or deliberate emotion regulation. Whereas fear extinction resulted in amygdala and vmPFC activation but not lateral PFC activation, emotion regulation showed activation in dorsolateral PFC in addition to vmPFC and amygdala. They proposed lateral PFC involvement stemmed from online manipulation of information during emotion regulation as opposed to passive fear extinction. Our functional connectivity findings in IFG and mPFC suggest these regions may be regulating anxiety while maintaining goal-directed activity.
These presumed modulatory influences of threat upon functional connectivity should be considered in light of known anatomical connections between the PFC and nuclei within the amygdala. The IFG has indirect connections to the amygdala, whereas the vmPFC and OFC have direct connections (23, 59) . The spatial extent of the IFG clusters showing increased amygdala connectivity during threat-induced anxiety also included the orbital and medial PFC network. The right IFG cluster included the pars orbitalis and OFC, and the left IFG cluster extended to mPFC, which included vmPFC and left frontopolar cortex. Ventral PFC regions are proposed to promote emotion regulation through structural connections with the amygdala (23) . Increased functional connectivity during threat may be facilitated by direct cortical amygdala connections in OFC and vmPFC and an indirect connection between the IFG and amygdala that is routed through the OFC and/or vmPFC. Modulatory influences of threat may be driven by connections with the basolateral amygdala complex implicated in associative fear learning (60) . However, further research is needed to test whether basolateral amygdala complex functional connectivity exerts such modulatory influences during threat-induced anxiety.
Shocks evoked activation in the insula, amygdala, cingulate cortex, IFG, thalamus, and postcentral gyrus consistent with the pain matrix and reliably observed in prior studies of unconditioned fear and pain (61) (62) (63) . Activation to shocks was observed in a dorsal region corresponding to the central nucleus of the amygdala, which orchestrates defensive responses to environmental threats and is consistent with the finding of Mobbs et al. (9) showing activation of dorsal amygdala to proximal but not distal threat (64) . Greater activation was elicited by the threat compared with nonthreat condition in the amygdala, OFC, which extends to the pars orbitalis of the IFG, and dorsolateral PFC (dlPFC). This pattern is consistent with the experience and anticipation of pain stimuli, which have been shown to produce overlapping activation in the prefrontal cortex (63) . Increased activation of these regions is consonant with their function of integrating emotional and cognitive domains (15, 65) . Greater dlPFC activation and increased amygdala connectivity in the MFG during threat are consistent with evidence that the dlPFC, a region underlying attentional control, facilitates goal-directed behavior by indirectly modulating the amygdala's response to threat stimuli during goal distraction, possibly through connections with the temporal cortex (66, 67) .
Connectivity-based neuroimaging studies in humans are needed to test hypotheses regarding abnormal cortical-subcortical interactions in anxiety and mood disorders, which are predicated on animal models of anxiety disorders that have established functional alterations of brain networks (59, (68) (69) (70) .
Amygdala, insular cortex, and ventral PFC circuits are reliably altered during emotional and cognitive processing in anxiety disorders (5) (6) (7) 71, 72) . Moreover, the diminished sense of control generated by stress and the lack of predictability from environmental threats have been examined in translational research, particularly in the onset and chronicity of posttraumatic stress disorder, panic disorder, and depression (11) (12) (13) 73) . Given our findings in this nonclinical sample, our task is well suited to testing functional connectivity changes in populations that are exposed to unpredictable and uncontrollable aversive life events and traumas, which have been linked to increased rates of posttraumatic stress disorder, depression, and other psychopathology (74) (75) (76) and lack of treatment response in depression (77) . By combining reward contingencies with a threat manipulation, we simultaneously tested multiple constructs of the proposed research domain criteria (78), including negative and positive affect systems and their interactions.
Limitations
Although we used a long trial duration (32 seconds) to increase statistical power, the presence of correlated regressors (i.e., psychological, physiological, and PPI regressors) reduces statistical power in the GLM for the PPI contrast (79) . Study limitations include modest sample size and the inability to determine directional information and whether modulatory interactions reflect direct and/or indirect pathways using the PPI method.
Conclusion
In summary, this study demonstrated amygdala functional connectivity changes associated with the processing of threat among PFC brain regions implicated in the regulation of anxiety. Interpretation of our amygdala-ventral PFC connectivity results was bolstered in light of psychophysiological findings and nonhuman primate research demonstrating structural connections among these regions. Confirmatory findings in healthy adults provide a foundation for translational applications of our predator-prey paradigm. Such applications might elucidate the neural underpinnings of sustained psychological state changes linked to anxiety that persist beyond the presence of precipitating stimuli and impair goal-directed behavior and daily functioning.
